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Abstract  
Eurocode 2 (EC2) allows short shear spans in reinforced concrete beams with loads near 
supports to be designed using either its shear provisions or strut and tie models (STM). In the 
case of beams with loads applied on their upper side within a distance av ≤ 2d from the edge 
of supports, EC2 allows the contribution of these loads to the design shear force to be 
reduced by the multiple              (where d is the beam effective depth). 
Conversely, the previous UK code BS8110 increases the shear resistance provided by the 
concrete within 2d of supports to    ⁄  (in which vc is the concrete shear resistance in MPa) 
up to a maximum shear resistance of     √    or 5 MPa. The two methods are only 
equivalent for beams without shear reinforcement and single point loads within 2d of 
supports. However, there is a lack of test data to assess the comparative merits of the two 
methods and STM for beams with multiple point loads within 2d of supports. Therefore, 
twelve beams were tested with up to two point loads within 2d of supports. Significantly, 
BS8110 is found to give better estimates of shear resistance than the EC2 shear provisions. 
STM gives good predictions of shear resistance if strut strengths are calculated in accordance 
with the recommendations of the modified compression field theory (MCFT) but some unsafe 
predictions are obtained when using EC2 strut strengths.  
Key words: Reinforced concrete; short span beams; shear enhancement; strut and tie 
modelling, Eurocode 2. 
Notation 
a        shear span between centrelines of loading and support plates 
av clear shear span between adjacent edges of loading and support plates 
As cross sectional area of flexural tension reinforcement 
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Asw cross sectional area of each set of stirrups 
b beam width 
c distance from bottom of beam to centroid of bottom flexural reinforcement 
d effective depth 
ei        distance to line of action of Tsi from centreline of support 
fck            characteristic concrete cylinder strength  
fcd             design concrete uniaxial compressive strength (fcd =fck/c) 
fcnt flexural compressive stress used in STM 
fcsb concrete strength at bottom end of direct strut  
fcst concrete strength at top end of direct strut  
fcu             concrete cube strength 
fy yield strength of reinforcement 
fyd design yield strength of reinforcement 
h beam depth  
lb length of support  
lt length of loaded area 
s         stirrup spacing within central ¾ of av     
Td longitudinal component of force resisted by strut III of STM3 
Ti        longitudinal component of force resisted by strut VII of STM3 
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Ti
’
 longitudinal component of force resisted by strut VI of STM3 
Tsi yield capacity of stirrups in tie Tsi of STM3 
wb width of strut III of STM3 at its bottom end  
wt width of strut III of STM3 at its top end  
inclination of strut VII of STM3 to the horizontal
 proportion of force Td+Ti’ transferred to bottom node by strut III of STM3 
c                material factor of safety for concrete 
s                material factor of safety for reinforcement 
 proportion of shear force carried by strut III of STM3 
P2/P1where P1 and P2 are defined in Fig. 11  
 strength reduction factor of (1-fck/250) for cracked concrete in shear 
 inclination of strut III of STM3 to the horizontal 
1. Introduction 
The failure mechanism, and hence shear resistance of reinforced concrete beams depends in a 
complex fashion upon the shear span to effective depth ratio (a/d), loading arrangement  and 
flexural reinforcement strain [1]. However, EC2 [2] and its UK precursor BS8110 [3] make 
the simplifying assumption that shear resistance is independent of av/d (where av is the clear 
shear span (see Fig. 1a)) for av/d ≥ 2. Shear resistance is enhanced by arching action when 
beams are loaded on their upper side within around 2d of supports. The research was 
prompted by differences between the approaches adopted in EC2 [2] and BS8110 [3] for 
modelling shear enhancement which are most significant for beams with multiple point loads 
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within 2d of supports. BS8110 increases the shear resistance provided by concrete by the 
multiple 2d/av (where    is the clear shear span) whereas EC2 reduces the component of the 
design shear force due to loads applied within 2d of the support by the multiple       
    . Furthermore, BS8110 assumes that the shear resistances provided by the shear 
reinforcement and concrete are additive unlike EC2 which takes the shear resistance as the 
greatest of the two. EC2 uses a shear reduction factor rather than a resistance multiplier 
because the increase in strength due to arching depends on the loading arrangement. BS8110 
takes the alternative point of view that the shear resistance provided by the concrete increases 
when point loads are applied within 2d of supports because the failure plane becomes steeper. 
The BS8110 approach is most physically relevant to beams with single concentrated loads 
where the location and shape of the critical shear crack, and hence shear resistance, is largely 
imposed by the loading arrangement. However, for distributed loads near supports, the 
approach of reducing the action is more appropriate as loads applied between the support and 
critical shear crack do not have to be transferred through the critical shear crack. 
Jackson et al. [4] examined the EC2 method of reducing the design shear force from a 
designer’s viewpoint and found it to be both ambiguous and impractical to apply for 
envelopes of traffic load cases. They also found that for beams with shear reinforcement EC2 
does not give any short shear span enhancement. They concluded that the BS8110 approach 
was superior from a point of view of application and recommended that it be retained in EC2. 
Subsequently, Jackson et al.’s proposal was adopted in the UK National Annex to EC2-2 
Concrete Bridges [5] for beams without shear reinforcement. EC2 also allows the strut and tie 
method (STM) to be used for short span beams bringing into question which of its methods to 
use.  
Over 500 tests [6] have been carried out on simply supported beams loaded with one 
point load within 2d of supports of which [7-12] are typical but as acknowledged by Brown 
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and Bayrak [7] there is a scarcity of data for beams with multiple point loads. To fill gaps in 
the existing data, the authors tested five simply supported beams with two point loads 
positioned within 2d of each support (six point loading) for which BS8110 and EC2 give 
significantly different strength predictions. Comparative tests were also carried out on seven 
beams with one point load positioned within 2d of each support (three and four point 
loading). The tests investigated the influences on shear resistance of the flexural and shear 
reinforcement ratios, concrete cover, bearing plate dimensions and loading arrangement. The 
beams had the same cross-sectional dimensions as those tested previously by Sagaseta and 
Vollum [9]. The key novelty is the comparative testing of nominally identical beams with 
three, four and six point loading. 
2. Description of beam tests  
Table 1 summarises key details of the twelve beam tests. The first six tests investigated the 
influences of loading arrangement and reinforcement cover on the shear strength of short-
span beams without shear reinforcement. The flexural reinforcement in the first six beams, 
which were 500 mm deep × 160 mm wide, consisted of two 25 mm diameter high tensile 
reinforcement bars. The beams were divided into two sets of three in which the cover to the 
flexural reinforcement was either 25 mm or 50 mm. The corresponding flexural 
reinforcement ratios were 100As/bd =1.3% and 1.4% respectively. Three different loading 
arrangements were considered in the first set of tests as shown in Fig. 1 in which the widths 
of the bearing plates were 200 mm and 150 mm at the left and right hand supports 
respectively. The bearing and loading plates were bedded onto the beams with a thin layer of 
mortar. It should be noted that the bearing plates were positioned such that the clear shear 
spans av between the inside edges of the support and loading plates (see Fig. 1d) were 
identical for each span. Consequently, the sectional design methods of BS8110 and EC2 
predict the same failure load for each shear span unlike STM which predicts failure to occur 
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on the side of the narrowest support. The numbering system of the beams denotes the loading 
arrangement and cover. Thus in the notation B1-25, B1 denotes the loading arrangement, 
which is defined in Fig. 1, and -25 indicates a reinforcement cover of 25 mm.  
The second set of six beams were notionally geometrically identical to the first but the 
as built beam depth and thickness were 505 mm and 165 mm respectively. Fig. 2 shows the 
flexural reinforcement arrangement used in the second set of beams. Four 25 mm bars were 
positioned at the bottom of the beam in two layers and two 16 mm diameter bars at the top as 
shown in Fig. 2c. The flexural reinforcement ratio was 100As/bd =2.7%. Unlike the first set, 
four 8 mm diameter stirrups were provided at the ends of the beams to improve the anchorage 
of the flexural reinforcement. The beams were grouped into three pairs which are depicted A, 
S1 and S2 of which pair A was unreinforced in shear. Two arrangements of shear 
reinforcement were used as shown in Figs. 2a and b where they are depicted S1 and S2 
respectively. Two different loading arrangements were considered for each pair of beams as 
shown in Figs. 2a and b for beams S1-1 and S2-2 respectively. As for the first set of beams, 
failure was expected to occur on the side of the narrowest support. The numbering system of 
the beams denotes the stirrup and loading arrangements. Thus in the notation S1-1, S1 
denotes the stirrup arrangement and -1 indicates the loading arrangement. The stirrups in the 
S2 beams were positioned to clarify the definition of ties Ts1 and Ts2 in STM3 of Section 3.1.  
It should be noted that the clear shear span av is greater by 50 mm on the side of the 100 mm 
bearing in Figs. 2a and b.  
The beams were cast in two batches of six using ready mix concrete. The coarse 
aggregate was marine dredged gravel with a maximum aggregate size of 10 mm. No push-off 
tests were carried out since the aggregate was similar to that previously used in the beam and 
push-off specimen tests of Sagaseta and Vollum [9, 13]. Twelve 100 mm diameter by 250 
mm long concrete cylinders were cast with each batch of beams of which six were cured in 
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air alongside the beams and six in water at 20
o 
C. Three water and three air cured cylinders 
were tested at the same time as the first and last beams of each series. Table 1 shows the 
resulting mean strengths of the water cured cylinders. The variation in concrete strength 
between testing the first and last beams is negligible for series 1 and relatively low for series 
2. Consequently, the average of the concrete strengths at testing the first and last beams is 
used for the calculation of beam strengths. In series 1, the mean compressive strengths of the 
air and water cured cylinders were 40.0 MPa and 45.7 MPa respectively. In series 2, the 
corresponding strengths were fc = 33.7 MPa and fc = 35.6 MPa respectively. The insitu 
concrete strengths of the beams are thought to have been between those of the air and water 
cured cylinders. However, water cured strengths were used in the calculation of beam 
strengths as this gives the greatest and hence least safe predictions. The reinforcement 0.2% 
offset yield and ultimate strengths are listed in Table 2. The 16mm and 25 mm diameter bars 
were hot rolled and had a clearly defined yield plateau unlike the 8 mm diameter bars which 
were cold worked. 
Surface displacements were measured on one side of the beams using a grid of Demec 
points positioned in equilateral triangles as shown in Figs. 3 and 4. The resulting 
displacements were used to estimate crack opening and sliding displacements as well as 
reinforcement strains. Surface mounted electrical resistance strain gauges were used to 
measure strains in the flexural reinforcement and stirrups of the right hand shear span of 
beams A-1, S1-1 and S2-1. The gauges were positioned in the right hand shear span since this 
was predicted to be critical by STM. In reality, of these beams only A-1 failed in the 
predicted shear span. Deflections were measured at mid-span and adjacent to supports. 
Rotations were also measured with inclinometers at the ends of the second set of beams. The 
beams were initially loaded to around 50-60% of their predicted failure load in an attempt to 
identify the critical shear crack. The beams were then unloaded and up to four pairs of 
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orthogonal transducers were positioned along potentially critical shear cracks to determine 
the crack kinematics as the beams were reloaded to failure in increments of around 100 kN. 
New cracks were marked after each loading increment. The failure loads of all the beams are 
given in Tables 3 and 4 which also list the flexural failure loads and the shear span in which 
failure occurred. Interestingly, failure did not always occur on the side of the narrowest 
bearing plate as predicted by STM. The load versus central displacement responses are 
plotted in Figs. 5a and b for the first and second series of beams respectively. The deflections 
in Fig.5 are absolute deflections measured relative to the laboratory floor. No corrections 
were made for the deflections of the supports which appear to have been negligible on the 
basis of deflections measured adjacent to supports. 
2.1 Test results for series 1 
The final crack patterns in beams B1-25, B1-50, B2-25, B2-50, B3-25 and B3-50 are 
shown in Figs. 3a to f for the shear spans in which failure occurred. The beams with 25mm 
cover failed as expected in the shear span supported by the 150mm wide bearing plate but the 
beams with 50mm cover unexpectedly failed in the side of the 200mm wide bearing plate.  
The critical shear crack in beams B1-25 and B1-50 (see Figs. 3a and b respectively) 
extended from the bottom of the beam adjacent to the support towards the nearest edge of the 
loading plate at an angle of around 45
o
. At failure, the critical shear crack extended through 
the flexural compression zone and along the top of the flexural reinforcement towards the 
support. Beams B2-25 and B2-50 failed subsequent to yielding of the flexural reinforcement 
owing to concrete crushing between the point loads as shown in Figs. 3c and d respectively. 
The critical shear crack in beams B3-25 and B3-50 (see Figs. 3e and f respectively) extended 
from the inner edge of the support towards the adjacent outer load (see Fig. 1d) at an initial 
angle of around 45
o
. In both beams, the critical shear crack changed direction at the outer 
load and extended towards the adjacent central load as the load was increased from 300 to 
10 
 
350 kN. In the case of beam B3-25, the almost horizontal secondary shear crack between the 
point loads highlighted in Fig. 3e formed first. The inclined portion of the critical shear crack 
between the two point loads formed suddenly at failure seemingly simultaneously with the 
concrete shearing adjacent to the support. The failure of beam B3-50 was characterised by 
concrete crushing adjacent to the central load of the critical shear span and spalling of the 
concrete cover adjacent to the support.  
A common feature to the crack patterns in the B1 and B3 beams is the longitudinal 
crack which runs along the reinforcement to either side of the support. This crack formed in 
the critical shear span seemingly simultaneously with the failure of the flexural compression 
zone. Therefore, it is unclear whether the failure load was affected by the resultant loss of 
dowel action and reinforcement anchorage.  
2.2 Test results for beam series 2 
Figs. 4a to f show the final crack patterns in the critical shear spans of the second set 
of six beams which all failed in shear. Beam A-1 was unreinforced in shear and loaded with 
four point loads like beams B3 of the first set. Comparison of Figs. 3e, 3f and 4a shows that 
two major shear cracks formed in beam A-1 unlike the B3 beams in which only one major 
shear crack formed. The upper of the two shear cracks in beam A-1 was dominant but both 
cracks opened significantly at failure which occurred due to seemingly simultaneous concrete 
crushing at the support and adjacent load. Beam A-1 failed at a total load of 823 kN 
compared with total loads of 480 kN and 580 kN for beams B3-25 and B3-50 respectively. 
The greater failure load of beam A-1 was unexpected as its concrete strength was 35.6 MPa 
compared with 45.7 MPa for the B3 beams. Some of the increase in strength may be random. 
However, it can be explained in part by the doubling of the flexural reinforcement area in 
beam A-1, its provision in two layers, and the detailing of the secondary reinforcement. 
Doubling up the area of the flexural reinforcement reduced crack widths, compared with the 
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B3 beams at comparable loads, and hence increased shear resistance. Providing the 
reinforcement in two layers increases shear resistance according to STM since node 
dimensions are increased at supports. Providing two 16 mm diameter bars at the top of the 
beam increased strength by preventing the shearing type failure of the flexural compression 
zone that occurred between the point loads of the B3 beams. Finally, providing stirrups at the 
ends of the beam outside the shear span prevented uncontrolled concrete splitting along the 
flexural reinforcement of the type seen at failure of the B1 and B3 beams.  
The crack patterns were similar in beams S1-1 and S2-1 with four point loads and 
stirrups as shown in Figs. 4c and e. In each case, the critical shear crack ran along the failure 
plane denoted P1 in Fig. 1d. Failure was due to localised concrete crushing adjacent to the 
loading plate in beam S1-1 but due to crushing along the complete length of the critical 
diagonal shear crack in beam S2-1. The Demec and strain gauge readings indicate that the 
stirrups yielded prior to failure in both shear spans of the S1 and S2 beams. The stirrup strains 
were greatest at the intersections with the critical shear crack and were greater adjacent to the 
supports than the loading points. 
Beams A-2, S1-2 and S2-2 were identically reinforced to their counterparts A-1, S1-1 
and S2-1 respectively but were loaded with two instead of four point loads. The critical shear 
crack in beams A-2, S1-2 and S2-2 was almost straight and extended between the inside 
edges of the loading and support plates as shown in Figs. 4b, d and f. Beam S1-2 failed 
subsequent to yielding of the stirrups due to widening of the critical diagonal crack which 
resulted in the concrete shearing adjacent to the loading and support plates. Beam S2-2 failed 
due to concrete crushing adjacent to the innermost loading plate and along the edges of the 
critical shear crack. One of the stirrups fractured in beam S2-2 but this occurred subsequent 
to peak loading. 
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2.2.1 Crack kinematics  
Figs. 6a to f show the displacements of the critical shear crack in the second set of 
tests. Only one half of each beam is drawn as indicated by the break line provided at the 
centre of each beam. The crack displacements were derived from Demec readings using the 
procedure described by Campana et al. [14]. The crack opening and sliding displacements are 
shown as vectors in Fig. 6 following the convention of Campana et al. [14]. The crack 
opening and sliding displacements are given by the displacements normal and parallel to the 
crack direction as indicated in Fig. 6c. The changing gradient of the vectors in Fig. 6 
indicates that the ratio of crack sliding (s) to crack opening (w) increased as the load was 
increased to failure. Fig. 6 shows that the width of the critical shear cracks was reasonably 
uniform along the greater part of their length. Although not shown for clarity, the crack 
widths reduced significantly at the level of the flexural reinforcement where the crack width 
was around 30% of its maximum value in beams A-1, S1-1 and S2-1, 17% in beam S1-2 and 
10% in beams A-2 and S2-2. These observations seem broadly consistent with the kinematic 
model of Mihaylov et al. [6] and the crack width measurements of Campana et al. [14]  
Crack width measurements also showed that the maximum width of the critical shear 
crack, at any given load, reduced with increasing area of shear reinforcement as shown in 
Figs. 7a and b for beams with two and four point loads respectively. Failure always occurred 
in the shear span within which the potentially critical shear cracks were widest. Fig. 7b shows 
that the maximum width of the critical shear crack was significantly less at failure of beam A-
1 than beams B3-25 and B3-50. This is explained by the increased area of flexural 
reinforcement in beam A-1 and the fact that two major shear cracks formed in beam A-1 
rather than one in beams B3-25 and B3-50. The kinematics of the critical shear cracks, at the 
points of maximum width, is illustrated in Figs. 8a and b for beams with two and four point 
loads respectively. The dotted lines indicate the crack displacements subsequent to the 
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application of the peak load. Fig. 8a shows that the ratio between the crack opening and 
sliding displacements (w/s) at the peak load was around 3 in the B1 beams and 2 in beams A-
2, S1-2 and S2-2 with twice the area of flexural reinforcement. Fig. 8b shows that sliding was 
more dominant in the beams with four point loads where w/s reduced from an initial value of 
around 2 to near 1.5 at peak load. With the exception of beams A-1 and A-2, the sliding 
displacement at the peak load was greater at failure in comparable beams with four than two 
point loads. Taken together these observations suggest that aggregate interlock made the 
greatest contribution to the shear resistance of the beams with four point loads possibly due to 
the steeper orientation of the critical shear crack.  
2.3 Comparison of BS8110 and EC2 methods of shear enhancement  
EC2 and BS8110 use the following empirical equations to calculate the design shear 
resistance of reinforced concrete beams without shear reinforcement. 
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where     is the area of tensile reinforcement, b is the width of the cross-section,           are 
the characteristic compressive concrete cube/ cylinder strengths respectively and d is the 
beam effective depth. c and m are partial factors which have design values of 1.5 and 1.25 
respectively but are taken as 1.0 in the strength assessments of this paper. The reinforcement 
ratio Asl/bd is limited to a maximum of 0.02 in equation (1) and 0.03 in equation (2). The 
BS8110 size effect term (
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reinforcement and 1.0 for beams with at least minimum shear reinforcement but no maximum 
is specified for (
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EC2 reduces the component of the design shear force due to loads applied within 2d 
of the support by the multiple            whereas BS8110 increases the shear resistance 
provided by concrete by the multiple 2d/av (where    is the clear shear span). Both codes 
assume stirrups to be effective if positioned within the central ¾ of the clear shear span. 
However, BS8110 adds the design shear resistances provided by the concrete and stirrups 
unlike EC2 which takes the shear resistance as the greater of the two. The two methods are 
compared below for beams symmetrically loaded with two point loads positioned within 2d 
of each support as shown in Fig.1d. Following the recommendations of EC2, inequalities can 
be derived for shear failure along inclined planes with horizontal projections of     and     
(see Fig. 1d) as follows.   
EC2:                                                                                                    (3) 
                                                                                                                  (4) 
                                              
   
  
    
   
  
                                                                                   (5) 
where       is defined in equation (1) and      is the number of stirrups with cross-sectional 
area Asw within the central ¾ of the clear shear span avi. Equation (3) is critical provided      
<      which is usually the case. In the case of beams loaded as shown in Fig. 1d with 
P2>>P1 and                 , equation (3) leads to the illogicality that shear resistance is 
reduced by the application of P1 at av1 since the number of effective stirrups crossing the 
critical shear plane reduces from      to     . An alternative interpretation of the EC2 
requirements, which are not explicitly defined for multiple point loads, is that:     
                                                                                          (6) 
Equation (6) is identical to equation (3) for members without shear reinforcement but is more 
logical for members with shear reinforcement. Equation (6) can be simplified as follows if 
                , for all     , and the stirrups are assumed to be uniformly spaced within 
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2d of the support such that                      where                is the stirrup 
spacing within the central ¾ of avi.  
                                                                                                                          (7) 
It is instructive to compare equation (7) with equation (8) below which is the standard 
variable strut inclination (VSI) design equation for shear reinforcement in EC2. 
                                                                                                                    (8) 
where 
                                                                                                                (9) 
in which        (  
   
   
)     and           . 
Equation (7), and hence (6), is questionable as it gives lower failure loads than 
equation (8) for cases where the maximum permissible value of      in equation (8) is 
greater than 1.5/0.9=1.67. Furthermore, equation (7) predicts the failure load of beams with 
design shear reinforcement to be independent of the number and position of point loads 
which is inconsistent with test data. 
Theoretically, equation (9) refers to the maximum strength in shear for concrete 
crushing when a constant-angle stress field develops. Consequently, it is not strictly 
applicable adjacent to supports where the stress field corresponds more to a fan or single 
strut. However, EC2 also applies equation (9) to beams with concentrated loads within 2d of 
the support but does not define the value of cot that should be used to calculate       . 
This is rectified in the background document to the UK National Annex to EC2-1 [15] which 
defines cot as av/h for this case but not less than 1.0.  
BS8110 calculates the failure load of beams with the loading arrangement shown in 
Fig. 1d as the least of the following:  
                                                                                                        (10) 
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                                                                                                                   (11)                                      
 where       is given by equation (2) and avi ≤ 2d.  
Note that the total area of stirrups used in the calculation of enhanced shear resistance is 
1.5Aswd/s in EC2 but only 0.75Aswd/s in BS8110.  
2.4 Evaluation of shear enhancement methods of BS8110 and EC2  
The shear enhancement methods of BS8110 and EC2 were used, with c = m = s = 1.0, to 
predict the strengths of the 12 beams tested in this program. All the stirrups were assumed to 
be effective in the calculation of shear resistance as strain measurements indicate that all the 
stirrups yielded or were close to yield. The EC2 shear strengths were calculated with equation 
(6) since, as previously discussed, equation (3) falsely predicts beams S1-1 and S2-1, with 
four point loads and shear reinforcement, to fail at a lower total load than beams S1-2 and S2-
2 with two point loads. Ratios of the calculated to measured failure loads (Pcal/Ptest) are 
presented in Tables 3 and 4 for beams with one/two and four point loads respectively while 
Table 5 provides a statistical analysis of the results. Both codes are seen to safely predict the 
strengths of all the beams but as discussed below the relative accuracy of each method 
depends on whether or not shear reinforcement is present.  
Table 5 shows that EC2 gives similar values of Pcal/Ptest for all the beams of the first 
series unlike BS8110 which gives similar strength predictions to EC2 for beams with one/two 
point loads but significantly greater predictions for beams with four point loads. This is 
reflected in the coefficients of variation in Table 5 for the first set of beams. Unsurprisingly, 
both codes significantly underestimate the strength of beam A-1 with four point loads and fc = 
35.6 MPa which failed at P = 823 kN compared with P = 480 kN for beam B3-25 and 580 
kN for beam B3-50 both with fc = 45.7 MPa. As previously discussed in Section 2.2, the 
greater strength of beam A-1 appears to partly result from its secondary reinforcement (i.e. 
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stirrups within the anchorage zones at the ends of the beam and compression reinforcement) 
which does not affect the calculated shear resistance.  
Table 5 also shows that, irrespective of the loading arrangement, BS8110 gives 
consistently good estimates of Pcal/Ptest for the beams with shear reinforcement. This is not 
the case for EC2 (equation 6) which gives the same failure loads for beams S1-1 and S1-2 as 
well as S2-1 and S2-2 despite the ratio of the total failure loads for beams with four and two 
point loads being 1.66 for the S1 beams and 1.44 for the S2 beams. As well as giving better, 
and much more consistent, predictions than EC2 for the shear resistance of beams with 
stirrups, BS8110 is simpler to use. Further justification for the BS8110 method is provided by 
the observation that it correctly predicts the failure planes of all the tested beams. 
3. Strut and tie modelling (STM) 
In addition to its shear provisions, EC2 allows STM to be used for modelling shear 
enhancement near supports. EC2 gives design concrete strengths for struts, with and without 
transverse tension, and nodes. The latter are classified as i) compression nodes without ties 
(CCC), ii) compression-tension nodes with reinforcement anchored in one direction (CCT) 
and iii) compression-tension nodes with reinforcement anchored in two directions (CTT). The 
maximum allowable stresses at CCC, CCT and CTT nodes are fcd, 0.85fcd and 0.75fcd 
respectively where  = (1-fck/250) and fcd = fck/c. The material factor of safety c is taken as 
1.5 in design but as 1.0 in the strength assessments of this paper. EC2 also gives design 
equations for the transverse reinforcement that is required for equilibrium in bottle stress 
fields which it calls full discontinuities. EC2 gives little guidance on how its STM rules 
should be used leaving the designer considerable freedom in their application. For example, 
either STM1 of Fig. 9a or STM2 of Fig. 9b is applicable to beams with single point loads 
within 2d of supports. STM1 was developed by Sagaseta and Vollum [9] whilst STM2 is 
based on the recommendations of ACI 318-11 [16]. The influence of web reinforcement on 
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the strength of the direct struts in STM2 can be assessed using the full discontinuity equation 
of EC2 (Expression 6.59). In this case, the authors [17] have previously shown STM1 gives 
significantly greater and more realistic predictions of shear resistance than STM2.  
Sagaseta and Vollum [9] have previously shown that the geometry of STM1 can be 
found from considerations of equilibrium if the stirrups are assumed to yield and the flexural 
compressive stress fcnt is defined. STM1 is fully described elsewhere [9] so only the 
principles of the model are discussed here. The development and solution of the governing 
equations is broadly similar to that of STM3 which is described in Section 3.1. Shear failure 
of STM1 is assumed to occur due to crushing of strut I which is said to be “direct” since it 
directly connects the load and adjacent support. Struts II and III are assumed not to be critical 
provided the bearing stresses are within the EC2 limits of fcd at the load and 0.85fcd at the 
supports. No check is made of the bearing stress at the back of the bottom node as this is not 
required in EC2 and is shown to be unnecessary by Tuchscherer et al. [18] amongst others. 
The axial resistance of strut I is defined as the minimum of wbbfcsb and wtbfcst in which wt and 
wb are the strut widths at the top and bottom strut-to-node interfaces, b is the beam width and 
fcst and fcsb are the strut strengths at the top (CCC) and bottom (CCT) nodes. The width wb is 
clearly defined but wt depends on the depth of the flexural compression zone which in turn 
depends on the flexural compressive stress fcnt which is open to question. EC2 gives 
maximum allowable stresses for nodes but through Clause 6.54 (8) allows CCC nodes to be 
sized on the basis of a hydrostatic stress distribution in which case, fcnt equals the bearing 
stress under the loading plate which can be low at failure.  Consequently, this assumption can 
result in very low values of fcnt and hence excessively large nodes as noted by Tuchscherer et 
al. [18] amongst others. Therefore, in line with previous recommendations [18-20], Sagaseta 
and Vollum [9] took fcnt as the maximum allowable stress at a CCC node of fcd. According to 
EC2, fcsb = 0.6fcd as Strut I is crossed by a tension tie at the bottom node. The strength of 
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Strut I at the top node fcst is debatable but was taken as fcd on the basis that the top strut-to-
node interface is i) not crossed by a tension tie and ii) under biaxial compression unless wt ≥ 
wb in which case failure occurs at the bottom node [9]. This approach is consistent with the 
recommendations of the Canadian code CSA AS23.3-04 [19] and Cook and Mitchell [20] 
amongst others. Alternatively, the design strength of strut 1 can be considered to be the same 
at each end as assumed in ACI 318-11 [16] and by Brown and Bayrak [21] amongst others. 
Both these assumptions are investigated in this paper. Sagaseta and Vollum [9] evaluated 
STM1 of Fig. 9a with data from 114 short span beam tests from the literature of which 47 
included shear reinforcement. Failure was assumed to occur due to crushing of strut I at its 
bottom node where the concrete strength was evaluated in accordance with EC2 (STM1-EC2) 
and the MCFT (STM1-MCFT). Both methods gave reasonable predictions for the shear 
strength of beams with stirrups but STM1-EC2 tended to overestimate the shear resistance of 
beams without stirrups for av/d > ~ 2.  
3.1 Strut-and-tie model for beams with 4 point loads 
This section describes STM3 which is used to model shear enhancement in beams 
with loading arrangements like Fig. 1d. Figs. 10a and b show the geometry of the STM 
superimposed on the crack patterns observed in beams B3-25and S1-1 without and with shear 
reinforcement respectively. The figures show that the assumed strut orientation is consistent 
with the observed cracking patterns and principal compressive stress fields obtained with 
nonlinear finite element analysis (NLFEA) using plane stress elements.  The NLFEA was 
carried out with DIANA [22] using its fixed crack total strain model. The concrete 
compressive strength was related to the principal tensile strain in accordance with the 
recommendations of Vecchio and Collins [23]. The concrete tensile strength was taken as 
0.33√    as adopted by Sagaseta and Vollum [9]. The reinforcement was modelled with 
embedded elements in which the reinforcement strains are calculated in terms of the 
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displacements of the concrete element assuming perfect bond [22]. The reinforcement was 
assumed to be a von Mises perfectly elasto-plastic material. Strength predictions are not 
given for the NLFEA as its purpose was to determine the general flow of principal 
compressive stresses at failure for comparison with the strut orientation assumed in the STM.  
Fig. 11 shows the essential geometry of STM3 in which the forces in the stirrups are 
subdivided into components Ts1 and Ts2 as shown. The forces CIII, CIV and CVI in Figs. 11a 
and c correspond to the horizontal components of force resisted by struts III, IV and VI. It 
should be noted that the depth of the flexural compression zone at P2 depends upon the 
applied loading and can be calculated from equilibrium in terms of the flexural compressive 
stress fcnt. The other external node dimensions are fixed by the widths of the bearing plates 
and the distance to the centroid of the tension reinforcement c. The internal node dimensions 
are calculated from considerations of geometry and equilibrium and depend upon the loading, 
beam geometry, concrete strength and area of shear reinforcement provided.  
STM3a in Fig. 11a is applicable when P2 ≥ Ts1+Ts2. It can also be used as an 
alternative to STM1 in Fig. 9a if = P2P1 is assumed to be large (e.g. 100 or more). STM3a 
ceases to be applicable if P2 < Ts1+Ts2 as the vertical component of force in strut VI is no 
longer sufficient to balance the force Ts1+Ts2 in the stirrups. In this case, STM3b of Fig. 11c 
should be used. The function of strut V in STM3b is to balance the difference between P2 and 
Ts1+Ts2.  
The failure load is the least of the resistances corresponding to flexural, shear and 
bearing failure. Shear failure is assumed to occur due to combined yielding of the stirrups and 
crushing of strut III at its bottom end. STM3a can also fail due to crushing of strut II at its top 
end but this is not critical for the assumed concrete design strengths as bearing failure 
governs (see Section 3.1.2). No check is made of the bearing stress at the back of the bottom 
node as this is not required by EC2. As strut VII is fan shaped, it is assumed to be adequate 
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provided that the bearing stress at the bottom node does not exceed the EC2 limit of 0.85vfcd 
for C-C-T nodes in which case bearing failure is critical. Experimental justification is 
provided by the crack patterns which show strut VII to be uncracked.  
3.1.1 Derivation of design equations for STM3 
The design shear resistance VRd = P1+P2 = P1(1+) is defined in terms of the stirrup 
force Ts1 as follows: 
                                                         
   
     
                                                                      (12) 
where λVRd is the vertical component of force in Strut Ⅲ at failure and Ts1 is the yield 
capacity of the effective stirrups within av1. 
It is convenient to subdivide the horizontal force (T) in the flexural reinforcement at 
the bottom node into the components resisted by struts Ⅲ (Td) and Ⅶ (  
 ). Consideration of 
horizontal equilibrium at the bottom node leads to the following relationships which are 
subsequently used in the derivation of the governing equations of the STM: 
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                                                                         (15) 
                                                         
                                                                                (16) 
in which ,  and  are defined in Fig. 11. The coefficient  defines the proportion of the 
force T transferred by Strut Ⅲ to the bottom node. 
Algebraic manipulation of equations (14) to (16) leads to the following equilibrium based 
equation for cot: 
                                                
 
 
(
   
   
)                                                                              (17) 
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The angles  and  can be calculated from geometry in terms of Ts1, Ts2, ,  and the flexural 
compressive stress fcnt as follows: 
                                 
         
                          
                                                                (18) 
                        
 
 
 
               
                                           
                                          (19) 
in which the dimensions X, Y and W are defined in Figs. 11a and c. The dimension W is the 
horizontal distance between P1 and the intersection of the centreline of strut III with the line 
of action of CIII. It is calculated from considerations of geometry and equilibrium. If P2 ≥ 
Ts1+Ts2, consideration of Fig. 11a leads to:   
                      
                         (      
                        
    
)                
    
          (20) 
in which  = P2/P1 and the dimensions e1 and e2 define the positions of the centrelines of the 
stirrup forces Ts1 and Ts2 as shown in Fig.11.  
If P2 < Ts1+Ts2, consideration of Fig. 11c leads to:   
                                                   
                 
      
                                                          (21) 
At failure, the horizontal component of force in strut III is given by: 
                                                                                                              (22) 
where fcsb is the concrete strength at the bottom end of strut III which is defined in Section 
3.1.2.  
Equating equations (15) and (22) for Td and rearranging gives:   
                          
            
       
                                                                          (23) 
in which 
                           
 
     
   
     
                                                                                   (24) 
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In the case of beams without shear reinforcement, strut VII vanishes,  =  = 1 and: 
                                                   
      
          
     
      
   
                                                          (25) 
where Td is given by equation (22). 
3.1.2 Design strength of struts II and III 
The design strength at the bottom end of strut III is taken as fcsb = 0.6fcd when using EC2 and 
is calculated as follows when using the MCFT approach of Collins et al. [1, 19, 20].  
                                                                                            (26) 
where  is a capacity reduction factor which is taken as 1.0 in the strength assessments of this 
paper. The upper limit of fck is applicable to the ends of struts not crossed by tension ties 
and the flexural compressive zone. The principal tensile strain 1 is given by: 
                           21 cot002.0 LL                                       (27) 
where L is the strain in the tie which is calculated in terms of T=Ti
’
+Td.  
Equations (17) to (19) and (23) are based on the assumption that failure occurs due to 
crushing of strut III at its bottom node. If P2 > Ts1+Ts2, failure can theoretically occur due to 
crushing of strut II at its top node when:  
                                                 
       
       
   
    
                                                               (28) 
where fcst is the strength of strut II at its top node. The angle 1 which defines the inclination 
of strut II to the horizontal can be calculated from geometry as follows:  
      
      
       
   
  
                                       ⁄          (             )       
                     (29) 
where cot2 (see Fig. 11a) is given by:  
                  
     
                              (             )       
                                      (30) 
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If fcst is assumed to equal fcnt, equation (28) is equivalent to limiting the design bearing stress 
under the central loads P2 to the flexural compressive stress fcnt.   
3.1.3 Solution procedure for STM3  
The STM geometry, and hence failure load, can be calculated once  cot and fcsb are 
known. The stress fcsb is predefined in STM3-EC2 but depends on and cotin STM3-
MCFT.The unknowns and cotcan be found from equations (17) to (19) and (23) using a 
nonlinear equation solver like the Generalised Reduced Gradient (GRG2) nonlinear solver in 
Microsoft Excel [24]. The first step is to evaluate the right hand sides of equations (17) to 
(19) and (23) in terms of assumed values est, cot  est and fcsb est. The GRG2 solver can then 
be used to find est, cot  est and fcsb est at which a) cot  est equals cot  from the right hand side 
of equation (19), b) cotfrom the right hand sides of equations (17) and (18) are equal and, 
in the case of STM3-MCFT, c) fcsb est equals fcsb from equation (26). In STM3-EC2, fcsb = 
0.6fcd. Alternatively, the following iterative procedure can be used to find  cot and fcsb.   
1. Estimate initial values for cotand fcsb if the MCFT is being used. 
2. Estimate and calculate with equation (23) in terms of the current estimates of 
cot, fcsb and  followed by             with equation (17). Substitute ,  and 
            into the right hand side of equation (18) to obtain            . Use the 
bisection method or similar to find  at which                        .  
3. Calculate cotwith the right hand side of equation (19) using ,      and cot 
from step 2.  
4.  Repeat steps 2 to 3 until cot from steps 2 and 3 converges to the required tolerance.  
5. If using the MCFT, recalculate fcsb with equation (26) and repeat steps 2 to 4 until fcsb 
converges in successive iterations. 
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3.2 Evaluation of STM and comparison with beam design equations 
Failure loads were calculated for the tested beams using STM1 [9] for beams with 
one/two point loads and with STM3 for beams with four point loads. All the stirrups were 
assumed to be effective. Unless noted otherwise, the flexural compressive stress was taken as 
fcnt = (1-fck/250)fcd in the EC2 analyses and 0.85fcd in the MCFT analyses. The STM1 results 
were calculated assuming that the strength of strut I at its top end fcst equals the flexural 
compressive stress fcnt as assumed previously [9]. Both shear spans were analysed even 
though the shear span with the narrowest bearing plate is predicted to be critical in all cases. 
In fact, half of the twelve beams failed in the shear span supported by the widest bearing 
plate. The results are given in Tables 3 and 4 in which values of Pcal/Ptest are highlighted in 
bold for the shear span which actually failed. The tables show that the MCFT-STM 
predictions are generally better than the EC2-STM predictions which are unsafe for all the 
beams without shear reinforcement except the B2 beams with av1/d~0.7 and beam A-1. 
STM3-EC2 was also used to estimate Pcal/Ptest for beams S1-2 and S2-2 with two point loads 
assuming  = P2/P1 = 100. The resulting values of Pcal/Ptest were 0.95 and 0.80 which are 
very similar to the predictions of 0.97 and 0.82 given by STM1-EC2 for beams S1-2 and S2-2 
respectively. STM3-MCFT also gives very similar predictions to STM1- MCFT for beams 
S1-2 and S2-2.  
Table 5 presents a statistical analysis of Pcal/Ptest for all the design methods considered 
in this paper. BS8110 is seen to perform particularly well overall. It is of comparable 
accuracy to the MCFT-STM for beams with shear reinforcement but slightly more 
conservative. It also gives reasonable results for the beams without shear reinforcement but is 
less consistent than EC2. The EC2 shear enhancement method (Equation (6)) is 
unsatisfactory for beams with shear reinforcement as it gives the same shear strengths for the 
26 
 
beams with two and four loads. Consequently, it gives relatively high values of Pcal/Ptest for 
beams with two point loads but low values for beams with four point loads.  
3.3 Parametric studies   
A series of parametric studies were carried out to gain further insight into the 
influences of av/d, cover, shear reinforcement ratio and bearing plate width on shear 
resistance. Unless noted otherwise, the flexural compressive stress was taken as fcnt=(1-
fck/250)fcd in all the STM-EC2 analyses and fcnt=0.85fck in the STM-MCFT analyses. The 
beams without shear reinforcement were identical to the first set of tested beams whilst the 
beams with shear reinforcement were similar to the second set apart from the stirrup area 
which was varied. The bearing plate widths equalled those in the right hand shear spans of 
Figs. 1b and 2b for beams without and with shear reinforcement respectively. The results of 
the analyses, and relevant test data, are presented in Figs. 12 to 14 where the shear 
reinforcement ratio is defined as Aswfy/(bav) in which Aswfy is the yield capacity of the 
stirrups within av (which is taken as av2 for beams with four point loads).  
Figs. 12a/b show the influence of av/d on the shear resistance of beams with two point 
loads without/with shear reinforcement. The shear reinforcement index of Aswfy/(bav)=1.75 
MPa in Fig. 12b is the same as for beam S1-2. The corresponding stirrup contribution to 
shear resistance in Fig. 12b is Vs = 1.75bav for STM1, Vs = 0.75Aswfyd/s = 126 kN for BS8110 
and Vs = 1.5Aswfyd/s =252 kN for EC2. Fig. 12b includes a data point for beam S1-1, with 
four point loads, since its failure plane was the same as for a beam loaded with single point 
loads at av/d = 0.73. The STM1-EC2 shear resistances in Fig.12 were calculated assuming 
that the strength of strut I was i) 0.6(1-fck/250)fcd at the bottom node and (1-fck/250)fcd at the 
top node as in Table 3 (STM1-EC2i) and ii) 0.6(1-fck/250)fcd at each end (STM1-EC2ii). Fig. 
12 shows that STM1-MCFT gives significantly better predictions of the influence of av/d on 
shear resistance than STM1-EC2 i) or ii).  STM1-EC2ii gives much better strength 
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predictions than STM-EC2i for beams B1-25 and B1-50 but significantly underestimates the 
strengths of beams B2-25 and B2-50. Furthermore, STM1-EC2 ii) significantly 
underestimates the shear resistance of beams with shear reinforcement (see Fig. 12b) as a 
result of the direct strut contribution being significantly underestimated. This results in strut I 
disappearing (i.e.  = 0) in the beam of Fig. 12b when av/d > 1.5, after which an upper bound 
to the failure load is given by the yield capacity of the stirrups which is shown with a dashed 
line. The alternative approach of limiting the stress at each end of strut I and fcnt to 0.6(1-
fck/250)fcd  gives similar but slightly lower strengths to STM1-EC2i. 
Fig. 12a shows that STM1-EC2 i) and STM1-MCFT predict an increase in shear 
resistance with cover, due to the increase in strut width at the bottom nodes, whereas in fact 
the shear resistances of beams B1 and B2 marginally reduced which increasing cover. This 
suggests that failure may in fact be governed by failure of the direct strut at the top node but 
STM1-MCFT seems adequate for practical purposes. The BS8110 design method performs 
well but like EC2 underestimates the influence of av/d on the shear resistance of beams 
without shear reinforcement. The EC2 sectional design method falsely predicts shear 
resistance in Fig. 12b to be independent of av/d since                governs.  
Figs. 13a and b illustrate the influence of stirrups on the shear resistance of beams 
with loading arrangements -1 and -2 of Figs. 2a and b respectively. The BS8110 and STM-
MCFT predictions are seen to be reasonable for both loading arrangements with STM-MCFT 
giving slightly greater yet conservative strengths. The EC2 STMs perform less well. The EC2 
sectional design method underestimates the benefits of low amounts of shear reinforcement 
and becomes progressively less conservative as the area of shear reinforcement increases. 
Figs. 13a and b also show that the VSI design method in EC2 (equations 8 and 9) gives 
greater shear resistances than the EC2 shear enhancement method (EC2 Eq. 3 and EC2 Eq. 6) 
which is clearly unrealistic.   
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Figs. 14a and b indicate the influence of support width on the shear strengths given by 
STM1 and STM3 for the beams considered in Fig. 13. lb = 100 corresponds to shear failure in 
the right hand shear span of the tested beams while lb = 200 corresponds to shear failure in 
the left hand shear span of the tested beams as defined in Fig. 2. All the STM predict the 
shear strength to increase with support width with the EC2 STMs giving the greatest increase. 
It should be noted that beams A-2, S1-1 and S2-1 failed on the side of the widest support. 
Therefore, it appears that the STM overestimate the influence of support width which is 
concerning since the STM design provisions suggest that shear resistance can be increased by 
increasing the width of supports and loaded areas.  
 
4. Conclusions  
Twelve beams were tested to investigate the relative accuracies of the design methods in 
BS8110 and EC2 for shear enhancement in beams loaded with one or two concentrated loads 
within 2d of their supports. Different widths of support plates were used at each end of the 
beams to investigate the realism of the STM method. Interestingly, half the beams failed on 
the side of the wider bearing plate which is inconsistent with the predictions of the STM. EC2 
was found to be satisfactory for beams without shear reinforcement but much less so for 
beams with shear reinforcement where it fails to predict the influence of loading arrangement 
or av/d on shear resistance. BS8110 was found to give reasonable predictions of the shear 
strength of all the tested beams but like EC2 it significantly underestimates the shear 
resistance of the B2 beams with av/d ~ 0.7 and no shear reinforcement. The strengths of the 
tested beams were also evaluated with the relevant STM from Fig. 9a (STM1) or Fig. 11 
(STM3). The strength of the direct strut in each model was evaluated in accordance with the 
recommendations of both EC2 and the MCFT [1]. STM1-EC2 overestimates the strengths of 
the B1 beams (1.5 < av/d ≤ 1.6) without shear reinforcement unless the strength of the direct 
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strut is taken as 0.6(1-fck/250)fcd at each end, in conjunction with a flexural compressive stress 
of (1-fck/250)fcd. This approach is safe but gives progressively over conservative predictions 
as av/d reduces below 1.5 for beams both with and without shear reinforcement. Similarly, 
STM3-EC2 overestimates the strengths of the B3 beams with four point loads and no shear 
reinforcement. Both STM give much better strength predictions if the strength of the direct 
strut is calculated in accordance with the recommendations of the MCFT at the CCT node. 
Therefore, it is striking to note that the new fib Model Code [25] STM recommendations do 
not relate the compressive strength of struts to either the strut orientation (apart from a step 
change in strength at 65
o
) or the strain in the flexural reinforcement as is done in the MCFT. 
It is suggested that this decision is reviewed in future revisions of EC2 and the Model Code. 
Interestingly, the BS8110 predictions follow a similar trend to the MCFT-STM predictions 
but are slightly more conservative. Therefore, it is suggested that consideration is given to 
replacing the current EC2 design method for shear enhancement in beams with that of 
BS8110 which is considerably simpler to apply than STM. Alternatively, a similar method 
could be developed from consideration of a mechanical model like that of Mihaylov et al. [6] 
which also considers shear resistance along critical failure planes. 
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Table 1: Description of beams 
Beam 
Age 
at  
test 
[days] 
fc 
c
 
 
fcd 
d
 
 
Cover 
e
  
 
[mm] 
Beam 
width  
b 
[mm] 
Beam 
depth  
h 
[mm] 
Effect-
ive  
depth d 
[mm] 
As
 f
 Stirrups Loading 
Arrange
-ment  [MPa] 
B1-25
 a
 66 45.7 45.7 25 160 500 462 2H25 None Fig. 1a 
B1-50
 a
 80 - 45.7 50 160 500 437 2H25 None Fig. 1a 
B2-25
 a
 161 - 45.7 25 160 500 462 2H25 None Fig. 1b 
B2-50
 a
 168 - 45.7 50 160 500 437 2H25 None Fig. 1b 
B3-25
 a
 189 - 45.7 25 160 500 462 2H25 None Fig. 1c 
B3-50
 a
 203 45.7 45.7 50 160 500 437 2H25 None Fig. 1c 
A-1
 b
 33 33.5 35.6 25 165 505 442 4H25 None Fig. 2a 
A-2
 b
 40 - 35.6 25 165 505 442 4H25 None Fig. 2b 
S1-1
 b
 36 - 35.6 25 165 505 442 4H25 Fig. 2a Fig. 2a 
S1-2
 b
 47 - 35.6 25 165 505 442 4H25 Fig. 2a Fig. 2b 
S2-1
 b
 43 - 35.6 25 165 505 442 4H25 Fig. 2b Fig. 2a 
S2-2
 b
 50 37.7 35.6 25 165 505 442 4H25 Fig. 2b Fig. 2b 
Note: 
a
 Series 1; 
b 
Series 2;
 c 
mean cylinder strength of water cured specimens tested at same 
time as corresponding beams; 
d 
concrete strengths used in beam strength assessments;
 e  
cover 
to outer layer of main flexural reinforcement; 
f
 flexural tension reinforcement. 
 
Table 2: Reinforcement properties 
Type 
E0 
[GPa] 
fy 
[MPa] 
fu 
[MPa] 
εl 
[%] 
H8 200 540 665 - 
H16 200 540 640 22.7 
H25 200 560 652 16.7 
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Table 3: Measured and predicted failure loads for beams with 1/2 point loads 
Test                                                      Pcal/Ptest 
Beam 
av1/d
 a
 P  [kN] P  [kN] EC2 BS8110 STM1-EC2 STM1-MCFT 
Left Right Test Flex
b        
L
c
 R
c
 L
c
 R
c
 L
c
 R
c
 L
c
 R
c
 
B1-25 1.51 1.51 368 558 0.62 0.62 0.59 0.59 1.35 1.21 0.86 0.82 
B1-50 1.60 1.60 352 510 0.60 0.60 0.57 0.57 1.65 1.54 0.93 0.92 
B2-25 0.70 0.70 977 1001 0.51 0.51 0.48 0.48 0.92 0.80 0.87 0.83 
B2-50 0.74 0.74 929 942 0.49 0.49 0.46 0.46 1.09 0.98 0.94 0.92 
A-2 1.58 1.69 349 890 0.66 0.62 0.69 0.64 1.42 1.15 0.95 0.80 
S1-2 1.58 1.69 601 890 0.91 0.85 0.86 0.80 1.11 0.97 0.95 0.86 
S2-2 1.58 1.69 820 890 1.00 0.94 0.79 0.74 0.91 0.82 0.82 0.79 
 
Note: 
a  
refer to Fig. 1 for definition of av1 
b
 flexural failure load calculated with fy;
 c
 calculated 
for right (R)/left (L) shear span as defined in Figs 1 and 2 (bold type denotes critical shear 
span in test). 
 
Table 4: Measured and predicted failure loads for beams with 4 point loads   
Note: 
a 
refer to Fig. 1 for definition of av1; 
b
 flexural failure load calculated with fy;
 c
 calculated 
for right (R)/left (L) shear span as defined in Figs 1 and 2 (bold type denotes critical shear 
span in test). 
 
Table 5: Statistical analysis of Pcal/Ptest 
Beams  Design  
method 
EC2 BS8110 STM 
EC2 
STM 
MCFT 
First series of beams 
Mean 0.56 0.62 1.16 0.90 
COV % 12 26 22 8 
All beams with no shear reinforcement 
and 1/2 point loads 
Mean 0.57 0.55 1.14 0.86 
COV % 11 14 24 6 
All beams with shear reinforcement 
Mean 0.74 0.74 0.77 0.76 
COV % 26 6 21 10 
All beams (Predicted failure side)
 a
 
Mean 0.63 0.66 1.01 0.84 
COV % 23 20 27 11 
All beams (Actual failure side)
 a
 
Mean 0.65 0.69 1.10 0.88 
COV % 22 21 26 8 
Note: 
a All beams except beam A-1 
Test                                                      Pcal/Ptest 
Beam 
av1/d
 a
  
P  
[kN] 
P  
[kN] 
EC2 BS 8110 STM3-EC2 STM3-MCFT 
Left Right Test Flex
b
 L
c
 R
c
 L
c
 R
c
 L
c
 R
c
 L
c
 R
c
 
B3-25 0.70 0.70 480 726 0.65 0.65 0.90 0.90 1.36 1.21 1.05 1.00 
B3-50 0.74 0.74 580 684 0.50 0.50 0.69 0.69 1.29 1.19 0.90 0.88 
A-1 0.73 0.85 823 1235 0.38 0.35 0.58 0.54 0.78 0.60 0.63 0.53 
S1-1 0.73 0.85 1000 1235 0.57 0.51 0.81 0.70 0.85 0.67 0.85 0.72 
S2-1 0.73 0.85 1179 1235 0.72 0.65 0.81 0.71 0.77 0.61 0.79 0.68 
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reinforcement (fck = 45.7 MPa; 25 mm cover unless noted otherwise) and b) Aswfy/(bav) 
=1.75 MPa (fck = 35.6 MPa). 
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point loads and b) two point loads. 
Figure 14: Influence of bearing plate width on STM predictions of beams with a) four point 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 1: Geometry and loading arrangement of beam a) B1-25,B1-50, b) B2-25, B2-50, c) 
B3-25, B3-50 and d) BS8110 failure planes (refer to Table 1 for effective depths d) 
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(a)  
 
(b)  
 
(c)  
 
Figure 2: Geometry and loading arrangement of second set of beams; a) beam S1-1; b) beam  
S2-2 and c) cross-section  
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(a)  
 
(b)  
 
(c) 
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(d)  
 
(e)  
 
(f)  
Figure 3: Crack patterns in critical shear spans of beams a) B1-25; b) B1-50; c) B2-25; d) B2-
50; e) B3-25 and f) B3-50.  
Secondary 
shear crack 
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a) 
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d) 
 
e) 
 
 
f) 
Figure 4: Crack patterns in critical shear spans of beams a) A-1, b) A-2, c) S1-1, d) S1-2, e) 
S2-1 and f) S2-2. 
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a) 
 
b) 
 
Figure 5: Load displacement responses for a) first six beams and b) second six beams 
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a)                                                                 b) 
 
 c)                                                                   d)                                                                        
 
e)                                                                                  f) 
Figure 6: Crack kinematics in critical shear spans of beams a) Beam A-2, b) Beam A-1, c) 
Beams S1-1, d) Beam S1-2, e) Beam S2-1 and f) Beam S2-2 
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(a)  
 
 
(b) 
Figure 7: Variation in maximum critical shear crack width with load in beams with a) two 
point loads and b) four point loads 
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(a)  
 
(b) 
Figure 8: Critical shear crack kinematics in beams with a) two point loads and b) four point 
loads 
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a) 
 
b) 
 
Figure 9: Strut and tie models for beams with single point load in shear span a) STM1 of 
Sagaseta and Vollum [9] and b) STM2 with bottle stress field [16] 
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    (a)  
  
(b)  
Figure 10: Superposition of principal compressive stresses (in MPa) from NLFEA and 
observed crack pattern onto STM3 for: (a) beam B3-25 and (b) beam S1-1 
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c) 
 
Figure 11: STM3 for beams with two point loads within 2d of support a) STM3a for P2 ≥ 
Ts1+Ts2, b) node geometry at support and P2 for STM3a and c) STM3b for P2 < Ts1 + Ts2 
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a) 
 
b) 
Figure 12: Influence of av/d on shear resistance of beam with two point loads: a) No shear 
reinforcement (Series 1: fck = 45.7 MPa; 25 mm cover unless noted otherwise) and b) 
Aswfy/(bav)=1.75 MPa (Series 2: fck = 35.6 MPa). 
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a) 
 
b) 
Figure 13: Influence of stirrup ratio Aswfy/(bavfck) on shear resistance of Series 2 beams with 
a) four point loads and b) two point loads. 
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a) 
 
b) 
 
Figure 14: Influence of bearing plate width on STM predictions of Series 2 beams with a) 
four point loads and b) two point loads. 
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